The actinomycete Amycolatopsis methanolica was found to employ the normal bacterial set of glycolytic and pentose phosphate pathway enzymes, except for the presence of a PPi-dependent phosphofructokinase (PPi-PFK) and a 3-phosphoglycerate mutase that is stimulated by 2,3-bisphosphoglycerate. Screening of a number of actinomycetes revealed PP,-PFK activity only in members of the family Pseudonocardiaceae. The A. methanolica PP,-PFK and 3-phosphoglycerate mutase enzymes were purified to homogeneity. PP,-PFK appeared to be insensitive to the typical effectors of ATP-dependent PFK enzymes. Nevertheless, strong N-terminal amino acid sequence homology was found with ATP-PFK enzymes from other bacteria. The A. methanolica pyruvate kinase was purified over 250-fold and characterized as an allosteric enzyme, sensitive to inhibition by P, and ATP but stimulated by AMP. By using mutants, evidence was obtained for the presence of transketolase isoenzymes functioning in the pentose phosphate pathway and ribulose monophosphate cycle during growth on glucose and methanol, respectively.
Actinomycetes are important bacterial producers of secondary metabolites. There is a strong interest in the genetics of secondary-metabolite biosynthesis, with most studies concentrating on these pathways and their control. Many secondary metabolites are initially derived from intermediates of the central pathways of primary metabolism. Little is currently known, however, about the enzymes and regulation of, for instance, glucose metabolism in actinomycetes. This is mostly because of a general lack of physiological studies on primary metabolism in actinomycetes (21) . We have initiated such studies with the actinomycete Amycolatopsis methanolica (8) , belonging to the family Pseudonocardiaceae (42) , which includes many species producing bioactive compounds, e.g., the antibiotics rifamycin and erythromycin. A. methanolica is one of the few methanol-utilizing gram-positive bacteria known (10, 12, 17) . Methanol oxidation via formaldehyde and formate to carbon dioxide results in energy generation (5, 17) . Carbon assimilation starts by formaldehyde fixation via the ribulose monophosphate (RuMP) cycle (9, 17) . This cycle involves the specific enzymes hexulose-6-phosphate synthase (HPS) and hexulose-6-phosphate isomerase (HPI), the glycolytic enzymes 6-phosphofructokinase (PFK) and fructose-1,6-bisphosphate (FBP) aldolase (9) , and various enzymes also involved in the related pentose phosphate pathway ( Fig. 1) (12) .
The identity, properties, and regulation of enzymes involved in glucose and methanol metabolism in A. methanolica were examined in this study.
MATERUILS AND METHODS
Microorganisms and cultivation. Wild-type A. methanolica NCIB 11946, its maintenance, and the procedures followed for cultivation in batch cultures, harvesting of cells, and growth measurements have been described previously (8) (9) (10) (11) . Carbon-(ATP-PFK) activity (see below).
Mutant isolation. Mutants were derived from wild-type A. methanolica or a plasmid-cured derivative, strain WV2 (41a) . Transketolase mutants were derived from the wild-type strain by diepoxyoctane treatment (10, 13) . In the screening procedure, glucose mineral medium was supplemented with aromatic amino acids, each to a final concentration of 1 mg * liter-', and pinpoint colonies were further characterized.
Mutants of strain WV2 unable to grow on methanol (500 mM) gelrite (15 g * liter-') plates but positive on glucose agar were selected following UV irradiation. Glucose kinase-negative mutants of the wild-type strain were isolated among the spontaneous 2-deoxyglucose (2DOG)-resistant colonies that appeared after incubation for 5 to 7 days at 37°C on lactate, glycerol, or arabinose (10 mM) agar with 2DOG (100 mM). Approximately 100 2DOG-resistant colonies were further purified and tested for growth on glucose (20) .
Preparation of extracts and enzyme assays. Washed cell suspensions were disrupted in a French pressure cell at 1,000 MPa. Unbroken cells and debris were removed by centrifugation at 40 ,000 x g for 20 min at 4°C. Following desalting through PD 10 Pharmacia columns, the supernatant, containing 2.5 to 5.0 mg of protein * ml-', was used for enzyme assays [ wet weight]) of strain WV2 was prepared as described above.
In step 2, protein was applied to a Q-Sepharose fast-flow anion-exchange column (1.6 by 10 cm) equilibrated in buffer A. Bound protein was eluted with a linear gradient of 0 to 0.5 M KCl in buffer A (flow rate, 4 ml * min-'; 4-ml fractions). In step 3, pooled fractions (24 ml) from step 2 were adjusted to 1.7 M (NH4)2SO4, and precipitated protein was removed by centrifugation (10,000 x g for 10 min). The supernatant was applied to a butyl-Sepharose fast-flow hydrophobic interaction column (1 by 10 cm) equilibrated in buffer A containing 1.7 M (NH4)2SO4. Bound protein was eluted with a linear gradient of (NH4)2SO4 (100 to 0%) in buffer A (flow rate, 4 ml * min-'; 4-ml fractions). Pooled fractions were dialyzed against buffer A. In step 4, protein from step 3 (46 ml) was applied onto a Resource Q anion-exchange column (5 mm by 1 cm) equilibrated in buffer A. Bound protein was eluted with a linear gradient of 0 to 0.5 M KCl in buffer A (flow rate, 2 ml * min-'; 1-ml fractions). In step 5, pooled fractions from step 4 were concentrated to 1.5 ml with a Microsep ultrafiltration device (cutoff molecular weight, 10,000; Filtron, Breda, The Netherlands) and applied onto a Superdex 200 gel filtration column (XK 16/60), which was equilibrated and eluted with buffer A containing 0.15 M KCl (flow rate, 1 ml * min-1; 1-ml fractions).
In step 6, pooled fractions from step 5 were adjusted to 1.0 M (NH4)2SO4 and applied to a phenyl-Superose hydrophobic interaction column (HR 5/5) equilibrated in buffer A containing 1.0 M (NH4)2SO4. Bound protein was eluted with a linear gradient of (NH4)2SO4 (100 to 0%) in buffer A (flow rate, 0.5 ml -min-'; 0.5-ml fractions). Fractions with the greatest PGM activities were pooled, dialyzed against buffer A, concentrated (see above), adjusted to 45% glycerol, and stored at -20°C.
Purification of pyruvate kinase. In step 1, a crude extract (8 g of cells [wet weight]) of strain WV2 was prepared in 50 mM Tris-HCl (pH 8.0)-10% (vol/vol) glycerol-5 mM MgCl2-1 mM dithiothreitol (buffer B), as described above. In step 2, protein was applied to a Q-Sepharose fast-flow anion-exchange column (1 by 10 cm) equilibrated in buffer B, and bound protein was eluted with a linear gradient of 0 to 0.5 M KCl in buffer B (flow rate, 4 ml . min-'; 4-ml fractions). In step 3, pooled fractions were adjusted to 60% (NH4)2SO4. Precipitated protein was centrifuged at 30,000 x g for 10 min, dissolved in 3 ml of buffer B, and applied to a Superdex 200 gel filtration column (XK 16/60), which was equilibrated and eluted with buffer B containing 0.15 M KCl (flow rate, 1 ml * min-1, 2-ml fractions). In step 4, pooled fractions from step 3 were adjusted to 1.5 M (NH4)2SO4 and applied to an alkyl-Superose hydrophobic interaction column (HR 5/5) equilibrated with buffer B containing 1.5 M (NH4)2SO4. Bound protein was eluted with a linear gradient of (NH4)2SO4 (100 to 0%) in buffer B (flow rate, 0.5 ml -min-1; 1-ml fractions). Fractions with the greatest pyruvate kinase activities were pooled, dialyzed against buffer B with 40% glycerol, and stored at -20°C.
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed (28) with the marker proteins ,-galactosidase (molecular weight, 116,400), fructose-6-phosphate kinase (85,200), glutamate dehydrogenase (55,600), aldolase (39, 200) , TIM (26,600), trypsin inhibitor (20,100), and lysozyme (14,300) (Combithek; Boehringer Mannheim Biochemica). Gels were stained with Coomassie brilliant blue R250.
Estimation of molecular weights. The relative molecular weights of native enzymes were estimated by using a Superdex 200 column with thyroglobulin (molecular weight, 670,000), gamma globulin (158,000), ovalbumin (44,000), myoglobin (17,000), and cobalamin (1,350) as gel filtration standards (Bio-Rad, Richmond, Calif.).
N-terminal amino acid sequence analysis. Purified PPi-PFK protein was applied to a Pro-spin cartridge (Applied Biosystems) containing a polyvinylidene difluoride membrane. Sequencing was performed on an Applied Biosystems model 477A/120A automated gas phase sequencer equipped with on-line high-pressure liquid chromatography for detection of the phenylthiohydantoin amino acid derivatives (Eurosequence, Groningen, The Netherlands).
N-terminal sequence alignment. N-terminal amino acid sequences were aligned with PALIGN from PCGENE. Conserved amino acids are indicated according to the following PPi-PFK and pyruvate kinase were tested by adding several metabolites (pH adjusted, 1 mM final concentrations) separately to the assay mixtures with the purified enzymes, using near-Km concentrations of fructose-6-phosphate (0.4 mM) and PPi (0.2 mM) for PPi-PFK and phosphoenolpyruvate (PEP) (0.17 mM; 2.5 mM ADP) and ADP (0.11 mM; 2.5 mM PEP) for pyruvate kinase. Analytical methods. Methanol and acetate were determined gas chromatographically (18, 26) , and glucose was determined with the GOD-Perid method (Boehringer, Mannheim, Federal Republic of Germany). Protein concentrations were determined with the Bio-Rad protein determination kit with bovine serum albumin as a standard (4). Both ATP-and GTP-dependent glucose kinase activities could be detected. 2DOG (100 mM) completely inhibited growth on lactate, glycerol, and arabinose agar. 2DOG-resistant colonies appeared spontaneously on these agar plates at a frequency of 2 x 10-5 and displayed either a glucose-negative (37%) or glucose-positive (63%) growth phenotype. Mutants in the first category invariably appeared to have lost both the ATP-and GTP-dependent glucose kinase activities, but this did not affect their ability to grow on fructose as a carbon source. This hexokinase thus plays a key role in glucose metabolism but not in fructose metabolism.
Enzyme activities in cells grown on various substrates. Growth rates of A. methanolica on glucose, acetate, and methanol in batch cultures are rather different (0.35, 0.14, and 0.11 h-1, respectively). To exclude effects of growth rate, enzyme activities in cells grown on these substrates were compared following growth in chemostat cultures at a fixed growth rate (D = 0.065 h-'). Most importantly, no pyruvate kinase activity was detectable in acetate-grown cells, whereas PPi-PFK activity became strongly reduced in methanol-and acetate-grown cells ( Table 1) . Filtration of extracts to remove inhibitory compounds had no effect, suggesting that the syntheses of at least these two enzymes are regulated.
The glycolytic enzymes FBP aldolase and PFK and the pentose phosphate pathway enzymes function in both glucose and methanol metabolism (RuMP cycle; Fig. 1 ). Methanolgrown cells possessed significantly higher activities of FBP aldolase, Ri5P isomerase, and transketolase than glucosegrown cells (Table 1 ). This was not the case, however, for PPi-PFK, Ru5P epimerase, and transaldolase.
Isolation of transketolase-negative mutants. Attempts to isolate methanol-negative mutants blocked in the RuMP pathway yielded only many HPS-and/or HPI-negative mutants (e.g., strains MM1 and MM2). This could be taken to suggest the presence of isoenzymes for the steps common to both the pentose phosphate pathway and the RuMP cycle, similar to the situation previously observed for transaldolase in Arthrobacter strain P1 (30) . Among auxotrophic mutants of A. methanolica, requiring the three aromatic amino acids tryptophan, tyrosine, and phenylalanine for growth in glucose mineral media, we subsequently identified three transketolase-negative mutants, strains GH2, GH4, and GH5. Transketolase catalyzes two separate steps in the pentose phosphate pathway; its mutational inactivation results in depletion of erythrose-4-phosphate, a precursor for the biosynthesis of the aromatic amino acids (Fig. 1) . Strains GH2, GH4, and GH5 were unable to grow on C sources which are metabolized directly via the pentose phosphate pathway (i.e., xylose and gluconate; Fig. 1 ), even when supplemented with the aromatic amino acids. All three of these mutant strains, however, retained the ability to grow at normal rates in methanol mineral media. These data provide evidence for the presence of a second, methanolinducible, transketolase isoenzyme in A. methanolica.
Presence of PP,-PFK in actinomycetes. Various actinomycetes were screened for the presence of PPi-and/or ATP-PFK activity ( Table 2) . Representatives of the family Pseudonocardiaceae (42) were found to possess PPi-PFK activity, with the exception of F. rectivirgula. Nocardia and Streptomyces strains, on the other hand, possessed only ATP-PFK activity. This suggests that the PPi-PFK distribution reflects an evolutionary signature.
Purification and characterization of PP,-PFK. PPi-PFK was purified to homogeneity (1,500-fold, 76% yield; Table 3 ). The dye affinity chromatography step, involving biospecific elution of PPi-PFK with its substrate fructose-6-phosphate, was extremely useful, allowing a 350-fold purification with a yield of 93%. A subsequent Mono Q anion-exchange step yielded pure PPi-PFK, as judged by SDS-PAGE, eluting from the column at approximately 0.6 M NaCl.
Characterization of pure PPi-PFK revealed an Mr for the native enzyme of 170,000 with a subunit Mr of 43,000, suggest- ) and fructose-2,6-bisphosphate (0.1 mM) had no effect on enzyme activity.
The first 40 N-terminal amino acids of the PPi-PFK protein were determined, and surprisingly low homology was found with the PP1-PFK enzymes from Propionibacterium freudenreichii (25% identity, 55% similarity) (27) and potato (ot subunit) (12.5% identity, 35% similarity) (6) (Fig. 3A) , but high homology was found with ATP-PFK enzymes, e.g., the Bacillus stearothermophilus (61.5% identity, 76.9% similarity) (15) and Escherichia coli (51.3% identity, 76.9% similarity) enzymes (19) (Fig. 3B) . Polyclonal antibodies against ATP-PFK A from E. coli cross-reacted with the A. methanolica
PPi-PFK (not shown).
Purification and characterization of PGM. PGM was purified to homogeneity (400-fold, 11% yield) in six steps (Table  4) . Affinity chromatography with Procion-Red agarose, as described for PGM of S. coelicolor A3(2) (43), could not be 3 . Alignment of the N-terminal amino acid sequences of the PPi-PFK enzyme ofA. methanolica (this study) with those of P. freudenreichii (27) and the a subunit of potato (6) (A) and with the ATP-PFK enzymes of E. coli (19) and B. stearothermophilus (15) (B). *, identical residues; ., conserved residues.
used because A. methanolica PGM did not bind to this material. The native Mr of pure PGM was estimated as 36,000 by Superdex 200 gel filtration. SDS-PAGE revealed a single band at an Mr of 28,000, suggesting that PGM has a monomeric structure. Purified PGM was activated (4.5-fold) by 2,3PGA, as was the case for crude extracts, but 2,3PGA was not essential for activity. The apparent Ka for 2,3PGA was 20.9 ± 2.9 ,uM (2.5 mM 3PGA), and the apparent Km for 3PGA was 0.66 ± 0.067 mM (0.2 mM 2,3PGA) (Fig. 4) . Similar data have been reported for S. coelicolor A3(2) PGM, which was activated 5.1-fold by 2,3PGA, with a Km of 1.3 mM for 3PGA (43) .
Purification and characterization of pyruvate kinase. Pyruvate kinase was purified (253-fold, 14% yield) from glucosegrown cells (Table 5) . Pyruvate kinase eluted from the Superdex 200 gel filtration column at a position corresponding to a Mr of 195,000. A subsequent alkyl-Superose hydrophobic interaction step yielded a 99% pure pyruvate kinase preparation, as judged by SDS-PAGE, eluting at approximately 0.7 M (NH4)2SO4. The enzyme has a subunit Mr of 55,000, suggesting that the A. methanolica pyruvate kinase has a tetrameric structure, as is generally the case for other organisms (14) . The optimum conditions for activity were pH 8.0 and 41°C. The temperature optimum was rather broad, and 90% of total activity was found between 38 and 46°C. Storage of the enzyme preparation at -20°C in buffer with 40% glycerol did not reduce the activity significantly over a period of 3 months. Incubation of purified pyruvate kinase at 37°C without PEP resulted in a complete loss of activity in 3 min. Enzyme assays therefore were always started with ADP.
Pyruvate kinase displayed positive cooperativity towards PEP (Fig. 5A ), as has been observed for the enzyme from various other sources (14) . The SO5(PEP) was 172 ± 9 ,uM with a Hill coefficient of 1.5 ± 0.1. No cooperativity was observed for ADP (Fig. SB) Step aciiy p cation Yil
Step(mg) activity (U . mg-') (fold) (%) the Pseudonocardiaceae is rather unexpected. In general this type of PFK enzyme is associated with anaerobic metabolism (31, 32) in Propionibacterium spp. (33) , various protozoa (32) and amoebas (35) , and higher plants (6 (2, 38) . The use of PP1 as a phosphate donor thus raises questions about the metabolism of PP1 and its further effects on the regulation of glycolysis inA. methanolica.
Growth of methylotrophic and autotrophic bacteria on methanol involves assimilation of one-carbon compounds via the RuMP (Fig. 1) and Calvin cycles, respectively. This generally results in strongly increased levels of those enzymes with a dual role in both the pentose phosphate pathway and the RuMP or Calvin cycle, allowing relatively high rates of onecarbon compound assimilation. For autotrophic bacteria this has been shown to be based on the presence of additional genes encoding these enzymes in the cbb gene cluster that become specifically induced when the Calvin cycle is switched on (3) . Less information is available about the situation in RuMP cycle methylotrophic bacteria. From mutant and protein purification studies, it has become clear that the methylotroph Arthrobacter strain P1 employs a constitutive pentose phosphate pathway transaldolase enzyme during growth on glucose but produces an additional C1-inducible transaldolase isoenzyme during growth on methylated amines (30 isolation of 2DOG-resistant mutants. We thank J. R. Garel, CNRS, Gif-sur-Yvette, France, for a gift of polyclonal antibodies against E. coli ATP-PFK A.
